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Abstract
We report the all-optical production of a 87Rb Bose-Einstein condensate (BEC) in a simple 1.06 µm dipole trap experiment. We
load a single beam dipole trap directly from a magneto-optic trap (MOT). After evaporation in the single beam, a second crossed
beam is used for compression. The intensity in both beams is then reduced for evaporation to BEC. We obtain a BEC with 3.5×104
atoms after 3 s of total evaporation time. We also give a detailed account of the thermal distribution in cross beam traps. This
account highlights the possible difficulties in using shorter wavelength lasers to condense all optically.
1. Introduction
Since the first observation of Bose-Einstein condensation
(BEC) in 1995 [1, 2], many experimental groups worldwide
have produced and investigated BEC. The primary method used
has been radio frequency (RF) induced evaporation in mag-
netic traps. However, in 2001 it was demonstrated that BEC
could be obtained by all optical means [3]. Since then, sev-
eral atomic species have been successfully condensed via this
method. With a near 10 µm CO2 laser, 87Rb [3, 4], 133Cs [5],
and 23Na [6] have all been condensed. With a near 1 µm wave-
length fiber laser, 87Rb [7, 8, 9], 133Cs [10], and 52Cr [11] have
been condensed.
The advantages of the all-optical approach over magnetic
trapping include a relatively simple experimental setup, com-
paratively high repetition rates, and the ability to trap arbitrary
spin states. The primary difficulty is associated with relaxing
the trapping potential to induce evaporation. Relaxation of the
trap leads to a continual decrease in the collision rate as the
evaporation progresses. The decreasing collision rate can ul-
timately stagnate the evaporation process before degeneracy is
achieved. In Refs. [3, 4] researchers were able to achieve suf-
ficiently high initial phase space and spatial densities such that
BEC could be achieved before the evaporation process stag-
nated. Other experiments have used methods of varying com-
plexity to circumvent slowing of the evaporation. In Ref. [7]
a mobile lens system was used to compress the atoms to offset
the decreasing density. In other experiments evaporation was
forced without relaxing the optical trap using either a strong
magnetic field gradient [10], or a large displaced auxiliary beam
[9].
The experiment reported in this paper uses a simpler ap-
proach which achieves a higher gain in the phase space den-
sity of 105 than is typically achieved in other all-optical experi-
ments. Before giving a detailed account of our experiment, we
briefly discuss the nature of a thermal distribution in bi-modal
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trapping potentials. This discussion highlights the importance
of the trapping wavelength in the cross beam geometry and mo-
tivates our approach to evaporation in an optical trap formed by
a near 1 µm wavelength fiber laser. Although our discussion
focuses on crossed beam dipole traps, the considerations pre-
sented also apply to composite traps with disparate volumes. In
particular, these considerations will be important when design-
ing bichromatic optical dipole force traps for reaching Fermi
degeneracy as proposed in [12]. Such traps typically require the
use of shorter wavelength trapping beams and here we highlight
the specific problems associated with implementing such traps.
2. Thermalization in Crossed Beam Traps
Laser cooling into a cross beam trap results in densities
greatly exceeding those typically obtained in other experiments
[13]. To some extent this can be understood as follows. During
loading, a large number of atoms can be trapped due to the large
volume associated with the two single focus beams making up
the trap. After loading, the atoms begin to relax via collisions
to a Boltzmann distribution appropriate to the trap geometry.
This distribution tends to have the atoms localized to the much
smaller volume associated with the intersection of the beams
and this results in a substantial increase in both the spatial and
phase space densities. There are two crucial requirements for
the success of this approach; a) the majority of atoms must in-
deed be localized to the intersection region and b) any atoms re-
maining in the wings should be in thermal equilibrium with the
atoms in the center. As the divergence of each beam decreases,
the volume of the wings increases relative to the intersection
region. This increases the number of atoms in the wings in ac-
cordance with a Boltzmann distribution. More importantly, the
axial frequency associated with a single beam decreases, in-
creasing the time atoms spend outside the intersection region
and slowing the thermalization process. Thus the wavelength
of the trapping beams can have a significant impact on the ther-
malization process.
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Figure 1: Comparision of the fraction of atoms in the wings outside the dimple (blue lines) and the peak density (green lines) as a function of η for 1.06 µm and
10.6 µm traps. The green and blue dashed lines are the analytic approximations from equations (8) and (9) respectively. The solid lines result from numerical
integration of the exact equations (3) and (5) with β = 1.9. All calculations assume an atom number N = 2 × 106 and beam waists w0 = 40 µm.
To make the preceding arguments more concrete we follow
the methods given in Ref. [14]. For finite depth traps, the
trapped atoms are well characterized by a quasi thermal equilib-
rium in which the phase space is restricted to regions in which
the total energy is less than the trap depth, ǫt. This leads to a
density distribution given by
n(r) = n0 exp
(
−
U(r)
kbT
)
P
(
3/2, ǫt − U(r)kbT
)
(1)
where P(3/2, x) is the incomplete gamma function and
n0P(3/2, ǫt/kbT ) ≈ n0 is the peak density. To find n0 we can
integrate over all space and equate the result to the total num-
ber of atoms. To this end it is convenient to introduce a function
V(u) which is the volume of space enclosed by the equipoten-
tial surface U0u. U0 is a scale factor for the energy which we
conveniently choose to be the depth of single beam trap. We
then have
N = n0
∫ β
0
exp (−ηu) P (3/2, η(β − u)) dVdu d u (2)
where η = U0/kbT and β = ǫt/U0. As discussed in [14], it is
necessary to take β < 2 due to a divergence in the density of
states at the top of the trap. For relevant values of η the diver-
gence only becomes numerically significant for β & 1.95 and in
practice the trap depth is typically less than this due to external
effects such as gravity. For 1.85 < β < 1.95 the integrals only
vary by 10% and smaller values of β are only relevant when
the potential is significantly modified by an external influence.
Here we consider an analytic approximation and do not concern
ourselves further with the choice of β.
To obtain an analytic estimate of the integral, we consider the
two regions u < 1 and u > 1 corresponding respectively to the
number of atoms in the center of the trap, Nc, and the number
of atoms in the wings, Nw. For u < 1, the function V(u) is,
to a good approximation, independent of the divergence of the
beams and therefore scales as w30 where w0 is the waist of the
beams at the focus. Moreover, since the integral is weighted
towards lower values of u, we make a harmonic approximation
to the potential and neglect the effects of truncation. Thus we
have
Nc = n0
∫ 1
0
exp (−ηu) P (3/2, η(β − u)) dVdu d u (3)
≈
πn0w
3
0
2
∫
∞
0
exp (−ηu) u1/2d u = n0w
3
0
4
(
π
η
)3/2
. (4)
For u > 1 we have
Nw =n0
∫ β
1
exp (−ηu) P (3/2, η(β − u)) dVdu d u (5)
=n0e
−η
∫ β−1
0
exp
(
−ηu′
)
P
(3/2, η(β − 1 − u′)) dVdu′ d u′
(6)
where we have made the substitution u′ = u − 1. For u > 1
the function V(u) is, to a good approximation, independent of
the beam intersection and can be approximated by the sum of
two independent single focus beams. As before, they can be
approximated by two infinitely deep harmonic oscillator pon-
tentials giving
Nw = n0w20zR
(
π
η
)3/2
e−η. (7)
The fraction of atoms in the wings of the cross beam trap, NwN ,
and the peak density at the center, n0, are then easily found and
we have
Nw
N
≈
4πw0
λ
e−η
1 + 4πw0
λ
e−η
(8)
and
n0 ≈
4N
w30
(
η
π
)3/2 1
1 + 4πw0
λ
e−η
(9)
where λ is the wavelength of the trapping beams. These ex-
pressions clearly highlight the influence of the wavelength λ.
As πw0/λ increases, a larger fraction of the atoms appear in the
wings of the potential and the peak density decreases accord-
ingly. Figure 1 illustrates the differences between a CO2 laser
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Figure 2: Fraction of atoms in the wings versus final optical power after 2 s of
evaporation. Slowing thermalization time in the wings leads to an increase in η
and further migration of atoms to the wings as the evaporation progresses.
with λ = 10.6 µm and a fiber laser with λ = 1.06 µm. Un-
der typical experimental conditions, evaporation stagnates with
η ∼ 8 due to the very large densities and corresponding col-
lision rates. For both wavelengths there is only a small frac-
tion of atoms in the wings at this value of η. However, during
forced evaporation, the collision rate drops which can result in
a slight decrease in η. Although this drop in η is inconsequen-
tial for a CO2 laser trap, it can have a substantial effect for a
1.06 µm laser trap with large number of atoms migrating to
the wings. This was experimentally observed in our earlier at-
tempts at evaporation as illustrated in figure 2. Although this
migration of atoms to the wings does result in a further de-
crease in the density, the main impact is on the thermalization
and evaporation rates of the overall distribution.
To estimate the thermalization time we note that the den-
sity in the wings of the distribution is reduced by the factor
e−η which substantially reduces the collision rate in that region.
Under typical experimental conditions the collision rate in the
wings of the distribution is on the order of the axial frequency
of the individual beams or less. In contrast, the collision rate at
the center of the trap is much higher and typically exceeds the
trap frequency. Thus, a reasonable approximation is to assume
the atoms move independently in the wings until they reach
the center of the trap where they have a high probability of
undergoing a collision. The thermalization rate will therefore
be roughly determined by the axial frequency of the individual
beams. Since this frequency scales as λ/w30 the resulting ther-
malization time will increase by an order of magnitude in going
from a 10.6 µm CO2 laser to a 1.06 µm fiber laser. One could
consider reducing the waist to compensate, but this would in-
crease the peak density by the same order of magnitude. How-
ever, as illustrated in figure 1, peak densities at w0 = 40 µm
already exceed 1014 cm−3 where three-body losses become sig-
nificant [15]. Increasing the density further would simply result
in a substantial loss of atoms by this mechanism.
To avoid the problems discussed above, we employ a simple
modification of the evaporation cycle. Atoms are first loaded
into a tightly focused single beam trap, and the cross beam ge-
ometry is only used later in the evaporation cycle to compress
the cloud and compensate the decreasing collision rate. Using
a single beam for loading provides a large number of atoms
Figure 3: Trap depth and mean trapping frequency (ω/2π) during the evapora-
tion cycle. The solid blue line is the combined trap depth of both beams and
the dashed line is the auxiliary beam only. The green line is the mean trapping
frequency of the combined beams.
and the tight focus results in a sufficiently high density for a
rapid initial evaporation. The single beam also forms part of the
cross beam geometry where the tight focus ensures the atoms
are well localized to the intersection region after the cloud is
compressed. During the evaporation, the density peaks after
the compression but is still < 1 × 1014 cm−3, so significant
three-body losses are avoided.
3. Experiment Description and Results
Our experiment consists of two 1.06 µm wavelength trapping
beams intersected at a magneto-optical trap (MOT). A standard
3D MOT is loaded from a rubidium dispenser in the experiment
chamber that is run continuously. The MOT typically has ≈
3× 108 atoms. The primary dipole trap is horizontal with 15 W
maximum power and is focused to a 25 µm waist. The auxiliary
crossed beam is vertical with a maximum power of 1 W and is
focused to an elliptical spot with waists 20 µm and 80 µm. The
80 µm waist is aligned to the axis of the primary beam.
The primary beam is on during both the MOT and loading
sequence. For loading the dipole trap, the MOT is compressed
to densities of ≈ 1011 cm−3 by quickly increasing the magnetic
field gradient and sweeping the cooling beams to a further de-
tuning [16]. Specifically, the magnetic field is ramped up to a
field gradient of 23 G/cm in 5 ms and then the detuning of the
cooling beams is linearly ramped from −17 MHz to −120 MHz
over 40 ms. The repump intensity is reduced to ≈ 20 µW/cm2
at the start of the detuning sweep. After the sweep the repump
beam is shuttered before the cooling light to ensure the atoms
are pumped into the F = 1 ground state manifold. By standard
absorption imaging, we measure ≈ 4 million atoms in the single
beam trap 50 ms after the MOT has been released.
At 15 W, the single beam has a trap depth of 2 mK, radial
trapping frequencies ωr = 2π× 5.6(0.2) kHz and axial trapping
frequency ωax = 2π× 51(5) Hz. The trapping frequencies were
measured at several powers via parametric heating and agree
well with the expected values for a 25 µm waist. If the beam is
held at constant power after loading, the temperature decreases
due to evaporation until settling at 200 µK after 1 s. Here the
phase space density peaks at ≈ 2 × 10−5 with 1.7 × 106 atoms
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Figure 4: Density profiles from thin slices of absorption images after 20 ms drop time. The dashed lines are Gaussian fits to the thermal components. The solid
lines are a bimodal fit with the additional Thomas-Fermi profile. Displayed in frame are the total number of atoms (N), the temperature of the thermal components
(T), and the condensate fraction (r).
remaining. At longer times (2 − 10 s), the atom number decays
with a lifetime of 6 s. This lifetime is background pressure
limited by operation of the rubidium source, as when the source
is turned off lifetimes exceeding 10 s are observed.
We typically start reducing the optical power at 50 ms after
loading, not waiting until initial distribution is fully settled. If
we perform a forced evaporation in the single beam only, the
phase space density peaks at ≈ 2× 10−2 due to decreasing elas-
tic collision rate as the trap relaxes. The auxiliary beam is thus
necessary to compress the atoms, bringing the collision rate
back up so evaporation can continue. Figure 3 shows the com-
bined trap depth and mean trapping frequency of both beams
during the evaporation cycle. We reach the critical temperature
at Tc ≈ 250 nK with 2.0×105 atoms remaining. Figure 4 shows
density profiles of the atom cloud at three points past Tc. The
final image has 3.5 × 104 atoms in the condensed phase. The
entire evaporation time is 3 s and the experiment cycle time is
12 s to allow for sufficient MOT loading.
Note that the auxiliary beam is deliberately made to be highly
elliptical in order to make the trap anisotropic. In a previous
iteration of the experiment, all trap frequencies were nearly
identical and with our imaging resolution of 18 µm we could
not see a clearly bimodal distribution. By making the trap
anisotropic, the bimodal distribution becomes much more pro-
nounced. Elliptical beam geometries also allow for tailoring
favorable crossed beam trapping frequencies without compro-
mising trapping volume and depth.
In summary, we have presented a simple method of reach-
ing condensation by loading one tight confining beam directly
from the MOT with the help of one additional crossed beam
during evaporation. We have also highlighted difficulties im-
plementing trapping geometries directly with a 1.06 µm fiber
laser which have proven successful using a 10.6 µm CO2 laser.
Our method overcomes the obstacles discussed without adding
further complexity to the experimental setup.
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